Scanning tunneling microscopy was used to examine the effects of carbon tetrachloride concentration and temperature on the morphology of carbon-doped gallium arsenide films grown by metalorganic vapor-phase epitaxy. Deposition was carried out at 505-545°C, a V/III ratio of 75, and IV/III ratios between 0.5 and 5.0. The growth rate declined monotonically with increasing carbon tetrachloride concentration.
I. INTRODUCTION
Acceptor doping of gallium arsenide with carbon has been studied extensively. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] This material is important for the fabrication of microelectronic devices, such as InGaP/ GaAs heterojunction bipolar transistors and laser diodes. Hole concentrations greater than 1ϫ10 20 cm Ϫ3 have been achieved by the metalorganic vapor-phase epitaxy ͑MOVPE͒ of GaAs using carbon tetrachloride ͑CCl 4 ) or trimethylgallium ͑TMGa͒ as the source of carbon. In the latter case, low V/III ratios ͑Ͻ10͒ are required to create a gallium-rich surface that catalyzes the dehydrogenation of the methyl ligands. [10] [11] [12] Since a large fraction of the carbon is passivated by hydrogen, annealing after growth in flowing nitrogen at ϳ450°C is necessary to activate the acceptors. 16 The decomposition of carbon tetrachloride is an efficient means of doping GaAs with carbon. [1] [2] [3] [4] [5] [6] [7] [8] [9] In this case, relatively low temperatures, between 500 and 600°C, are used to maximize the acceptor level. A drawback of this method is the reduction in the growth rate that results from the formation of volatile gallium chlorides.
2-4, 6, 17, 18 The majority of studies on gallium arsenide doping with carbon tetrachloride have focused on the acceptor levels and growth rates obtained as a function of CCl 4 concentration, temperature and V/III ratio. However, little has been reported on the effects of these parameters on film morphology. For example, Hanna et al. 3 observed crosshatching in layers 2 to 3 m thick with carbon levels above 8ϫ10 19 cm Ϫ3 . On the other hand, Yang et al. 4 reported mirror-like morphologies in films having carbon levels as high as 1ϫ10 20 cm Ϫ3 . These studies suggest that carbon tetrachloride can, under some conditions, improve the surface morphology, while under other conditions, degrade it.
We have investigated the kinetics of CCl 4 decomposition during the MOVPE of GaAs and InAs. 19 It was found that adsorbed chlorine either reacts with adsorbed gallium atoms from the precursor, forming GaCl, or etches the GaAs film, forming GaCl 3 . The surface morphology should be affected in dramatically different ways depending on which of these two reactions occurs. To study this process, we have characterized the GaAs films by scanning tunneling microscopy immediately following MOVPE. As expected, we observe an abrupt transition to etching with increasing carbon tetrachloride concentration. This transition is manifested by the appearance of pits in the film surface. These results and a model of the reaction mechanism of chlorine with gallium are given below.
II. EXPERIMENT
Deposition of carbon-doped gallium arsenide was carried out in a horizontal, square duct reactor using triisobutylgallium ͑TIBGa͒, tertiarybutylarsine ͑TBAs͒ and carbon tetrachloride. The substrates were n-type ͑Si͒ GaAs͑001͒ miscut 0.5°towards the ͓110͔ direction. The reactor pressure was constant at 20 Torr, and palladium-diffused hydrogen was used as the carrier gas. Prior to growth, each sample was annealed in the reactor for 20 min at 600°C in 1.2 l /min H 2 and 1600 ppm TBAs. Then, an undoped buffer layer was deposited for 15 min at 600°C, 2.5 l /min H 2 , 775 ppm TBAs and 10 ppm TIBGa. The buffer layer thickness was estimated to be 0.15 m based on previous growth rate measurements.
The carbon-doped layer was deposited at the same conditions as the buffer layer, except that the temperature and CCl 4 concentration ranged from 505 to 545°C and from 5 to 50 ppm, respectively. Following growth of the buffer layer, the temperature was reduced, the flows of TIBGa and CCl 4 were set to the desired values, and deposition was carried out for an additional 60 min. After this step, the CCl 4 and TIBGa flows were terminated, and the crystal annealed for 10 min at 600°C in 1.2 l /min H 2 and 1600 ppm TBAs. Finally, the sample was cooled to 400°C in flowing TBAs and H 2 , and then to 40°C in H 2 only. A multilayer sample consisting of five doped layers, each approximately 0.5 m in thickness and separated by an undoped layer 0.25 m thick, was grown for analysis of the carbon by secondary ion mass spectrometry ͑SIMS͒. The deposition procedure for this sample was the same as that described above, except that the doped layers were grown at 525°C, while the undoped layers were grown at 600°C. Depending on the CCl 4 concentration, the run time for each doped layer varied from 0.75 to 2.0 h.
The concentrations of CCl 4 , TIBGa and TBAs fed to the reactor were controlled using online mass spectrometry. The sources were calibrated as follows: They were separately fed to the reactor, and completely decomposed over the susceptor held at 650°C. The mass spectrum of the hydrocarbon products was recorded and the peak intensities compared to those obtained for hydrocarbon gas standards. Through a mass balance, the hydrocarbon concentration was related back to the initial concentration of the precursor fed to the reactor. This concentration was then compared to the intensity of the strongest fragmentation peak of the precursor molecule ͑m/e 41 for TBAs and TIBGa, and m/e 117 for CCl 4 ). This measurement was repeated for five different delivery rates of the precursor to yield a linear plot of concentration versus mass signal intensity.
Immediately after MOVPE, the GaAs films were transferred from the reactor to an ultrahigh vacuum ͑UHV͒ system via an interface chamber that was pumped to 1ϫ10
Ϫ8
Torr with a turbomolecular pump. 20 A linear motion rod was used to move the sample from the MOVPE reactor to the interface chamber. Then with the aid of a wobble stick, the sample was placed on a second transfer arm and moved into the UHV system. Once there, the GaAs crystal was mounted in the scanning tunneling microscope, and the images were obtained of the filled states at 30°C, a sample bias of Ϫ2 V, and a current of 1 nA. The carbon levels of the films were assessed using highresolution x-ray diffraction on a Bede D 3 instrument. Double-and triple-crystal analysis of the ͑004͒ Bragg reflections were obtained to assess the crystal quality and the doping level. The composition and thickness of the films was determined by matching the experimental results with simulated diffraction patterns. A numerical solution of the dynamical x-ray scattering equations generated the theoretical diffraction patterns. The amount of carbon incorporation determined the separation between the substrate and epilayer peaks, while the film thickness determined the fringe pattern spacing and epilayer peak intensity. Carbon levels were also quantified by SIMS analysis of the multilayer sample. Fig. 1 are scanning tunneling microscope ͑STM͒ images of films grown at 545°C with 10 ppm TIBGa and 10 and 25 ppm CCl 4 . At the lower concentration, the surface exhibits a wavy step structure. This same morphology is recorded on a film grown without the addition of CCl 4 . A distinct change in the morphology occurs when the CCl 4 concentration is increased to 25 ppm. Black spots appear on the surface in places where the step movement has been pinned in place. The close-up image in Fig. 1͑c͒ reveals that at each black spot, approximately five double-height steps are bunched together, yielding a depth of 13.6 Å. Note that a single, wide terrace extends outward in the direction of growth from the depression, and that the two terraces immediately above this one are sweeping out and beginning to come together. Eventually, these two terraces will merge, while steps five layers higher will be pinned by the depression and begin to wrap around it.
III. RESULTS
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At higher carbon tetrachloride concentrations, the surfaces of the films are covered with pits. In Fig. 2 , STM images are presented of films grown at 525°C and 50 ppm CCl 4 , and 545°C and 100 ppm CCl 4 . The pits are visible in both images, although those pictured in 2͑b͒ are much rounder and fewer in density than those in 2͑a͒. It is evident that during growth, the steps flow around the pits, and merge on the other side. At these higher concentrations of CCl 4 , the pits extend many layers down into the film, and fill more slowly than the rate of film deposition on the terraces. A close-up image of an etch pit is shown in Fig. 2͑c͒ . Around the perimeter of the hole, the step edges can be seen descending the walls.
For a series of films grown at 525°C and varying CCl 4 concentrations, the etch-pit density was obtained from approximately 25 STM images of the surfaces. These data are presented in Fig. 3 , along with the growth rates obtained from x-ray diffraction data. The pits do not appear until the CCl 4 concentration is sufficiently high to reduce the growth rate by 60%-70% compared to an undoped layer. Gallium were too thin for the epilayer peaks to be resolved. The growth rates of these films ͑grown at 33 and 50 ppm CCl 4 ) were below 0.1 m/h. Presented in Fig. 4 is a double-crystal ⌰ -2⌰ scan taken of a film grown with 10 ppm TIBGa and 20 ppm CCl 4 at 525°C. The epilayer peak appears to the right of the more intense substrate peak due to the lattice contraction of the film. The fringe pattern of the epilayer peak indicates that the film is strained. A simulated diffraction pattern is included in the figure as well. Listed in Table I are the peak splits, carbon number densities, and thickness of all the films from which epilayer peaks were resolved. Carbon concentrations obtained by SIMS profiling of the multilayer sample are also included. The x-ray diffraction and SIMS results are in excellent agreement. They show that the carbon incorporation reaches a saturation value of ϳ1ϫ10 20 cm Ϫ3 at IV/III ratios from 2.0 to 2.5 at 525°C.
Triple-axis rocking curves of gallium arsenide films grown at 525°C and different CCl 4 concentrations are presented in Fig. 5 . The crystal quality does not change with increasing amounts of carbon tetrachloride in the reactor feed. All the films exhibit a full width at half maximum of 7.0 arcsec, compared to 5.0 arcsec for the substrate. The reduction in the intensity of the rocking curves with increasing CCl 4 concentration illustrates the effect of the chlorine on the growth rate. Deposition at 505°C yield broader rocking curves, which coincides with the rougher surface morphologies observed. It should be noted that the crystalline quality is not affected by the presence of etch pits in the films at 25 ppm of CCl 4 .
IV. DISCUSSION
Examination of the gallium arsenide films by STM reveals a dramatic progression in the surface morphology with increasing carbon tetrachloride concentration. Initially, the terraces are uniformly spaced with wavy steps. At IV/III ratios near 2.5, a scalloped pattern appears in which approximately five double-height steps bunch together at random intervals across the surface. Finally, at IV/III ratios above 3.0, the step pinning gives way to the formation of pits. It should be noted that the threshold CCl 4 concentration needed to form the pits decreases with increasing growth temperature, and that the IV/III ratios given here are correct for MOVPE at 545°C. In the discussion that follows, we provide an explanation of the changes in film morphology that are induced by site-specific reactions of adsorbed chlorine.
It is helpful to first consider the MOVPE of gallium arsenide without any dopant sources. For deposition at V/III ratios above 10 and temperatures between 500 and 650°C, the gallium arsenide surface reconstruction has been shown to be an arsenic-rich c͑4ϫ4͒, or a similar variant, such as d͑4ϫ4͒ or ͑1ϫ2͒, in which adsorbed alkyl groups displace some of the top layer arsenic dimers. [21] [22] [23] [24] [25] [26] [27] [28] [29] Using grazing incidence x-ray scattering ͑GIXS͒, Kisker et al. 26, 27 demonstrated that this reconstruction consists of groups of either two or three arsenic dimers atop a second arsenic layer. Our own STM images of GaAs surfaces taken immediately after growth confirmed that this structure is present in the MOVPE reactor environment. In situ reflectance difference spectroscopy by Aspnes and co-workers revealed that at lower temperatures and higher V/III ratios, the gallium arsenide surface reconstruction during growth is a disordered variation of the c͑4ϫ4͒, termed the d͑4ϫ4͒. 28, 29 Higher tem- peratures and lower V/III ratios result in a RDS spectrum consistent with the ͑2ϫ4͒ GaAs reconstruction, which results from a reduced arsenic surface coverage. The temperatures and V/III ratios used in this study are within the range producing the c͑4ϫ4͒/͑1ϫ2͒ during growth.
A ball-and-stick model of the ''ideal'' c͑4ϫ4͒ structure is shown in Fig. 6 . It consists of three-quarters of a monolayer of arsenic dimers adsorbed on a layer of arsenic atoms. Adsorption and decomposition of gallium precursors occurs on this surface, presumably by competing with the As dimers for the arsenic sites in the second layer. 23, 30, 31 Following decomposition of the precursor, the gallium atoms diffuse to the step edges and incorporate into the film. Growth proceeds with the steps flowing across each terrace.
Impurities and adsorbates have been shown to disrupt step motion. Kuech et al. 32, 33 showed that oxygen and adsorbed methyl groups can cause bunching of the steps. Adsorption of these species along the growth front slows the rate of incorporation of gallium and arsenic atoms, resulting in a decreased step velocity. Compared to gallium arsenide grown using trimethylgallium, the improved film morphologies that can be achieved at lower temperatures ͑500-600°C͒ using precursors such as triethylgallium, triisopropylgallium, triisobutylgallium, and tertiarybutylarsine have been attributed to more rapid desorption of the larger alkyl ligands from the surface. [34] [35] [36] [37] [38] [39] We now consider the changes that carbon tetrachloride induces in the growth process. Our previous studies have shown that this molecule only adsorbs on exposed gallium atoms. 40, 41 Table II lists CCl 4 uptakes for the c͑4ϫ4͒, ͑2ϫ4͒ and ͑4ϫ2͒ GaAs͑001͒ surfaces as measured by x-ray photoelectron spectroscopy for dosages of 1000 L at 25 and 200°C. The gallium coverage of each surface is included as well. There is no significant uptake of CCl 4 on the c͑4ϫ4͒ surface, whereas on the other two structures, adsorption is proportional to the gallium coverage. Therefore, it may be concluded that CCl 4 adsorption is a site-specific reaction. 41 Adsorption of carbon tetrachloride can occur on a c͑4ϫ4͒ surface provided that gallium atoms are exposed at the step edges. The density of steps on a given surface depends on the miscut angle. As can be seen in the STM image of the undoped film ͓Fig. 1͑a͔͒, steps occur roughly every 300 Å for our substrate miscut of 0.5°. Zhang and Zunger 42 established that on the ͑2ϫ4͒ reconstruction, the structure of steps perpendicular to the ͓110͔ direction differs from those perpendicular to the ͓1 10͔ direction. These steps are termed A-type and B-type steps, respectively. The c͑4ϫ4͒ surface is simply a ͑2x4͒ surface with an additional monolayer of arsenic on top, and accordingly, directionally dependent differences in the step structure should exist. Shown in Fig. 6 is a model of the A-and B-type step structures on a c͑4ϫ4͒ terminated surface. The A-type steps expose threefoldcoordinated gallium atoms with dangling bonds ͑see closeup͒. It is proposed that these dangling bonds are the primary sites for CCl 4 adsorption on this surface.
The changes in surface morphology that occur with varying CCl 4 concentration may be understood in terms of a competition of the adsorbed chlorine for two different reaction pathways:
GaAs ϩ3Cl* → GaCl 3 ͑ g͒ ϩ 1 2 As 2 ͑ g͒. ͑2͒
In a previous study, we showed that reaction ͑1͒ removes adsorbed gallium and accounts for most of the reduction in growth rate, while reaction ͑2͒ causes film etching, and occurs only above a threshold CCl 4 concentration. 19 Pit formation is clearly a consequence of the latter etching reaction.
Presented in Fig. 7 is a model of how pinned steps evolve into pits during MOVPE. In this figure, the black dots represent adsorbed chlorine atoms. Initially, the surface consists of uniformly spaced terraces separated by double-height steps. Gallium atoms liberated on the terraces diffuse to the step edges and incorporate there. In the absence of chlorine, growth proceeds with the steps moving at a constant speed across the terraces. When the chlorine is present some of the gallium atoms are consumed by reaction ͑1͒ upon arriving at the step edges. This causes their motion to decelerate, and it reduces the overall growth rate. There is a finite probability of having a locally high concentration of chlorine atoms along the step, such as at a kink site, as shown by the cluster of three black dots in Fig. 7͑a͒ . At this location, the step motion will be reduced even further relative to the average velocity, resulting in a concave recess in the terrace, as represented in Fig. 7͑b͒ . The recess will contain a higher density of defects, exposing even more three-coordinate gallium atoms. Carbon tetrachloride adsorption at these sites further increases the local concentration of chlorine atoms. This chlorine, in turn, consumes more of the arriving gallium atoms, and pins the step in place. The step directly above moves across the terrace at the average speed until it encounters the pinning site, and its motion becomes arrested ͓Fig. 7͑c͔͒. Likewise, each successively higher step will become pinned until a group of them are bunched together ͓Fig. 7͑d͔͒. At the same time, the lower terraces continue to move out and around the pinning site until they merge. These processes generate the scalloped structure seen in the STM images in Fig. 1 .
Pits form at higher concentrations of adsorbed chlorine. At a pinning point, the amount of chlorine far exceeds the supply of gallium atoms from the terrace. In this case, reaction ͑2͒ becomes significant and begins to remove gallium from the film ͓Fig. 7͑e͔͒. This site contains a high density of steps and defects, and will act as a sink for chlorine atoms that will continue the etching process. Chlorine is still present on the step edges, and reduces their movement via reaction ͑1͒. Since the step speed is greatly reduced, they tend to be straight and separated by evenly spaced terraces. In addition, they progress smoothly around the etch pits, as shown in Fig. 7͑f͒ . This model provides a good account of the STM images given in Fig. 2. A requirement of our proposed model is the selective adsorption of CCl 4 at A-type steps on a c͑4ϫ4͒ reconstructed surface. Surfaces miscut at an angle that greatly increases the density of A-type steps should accelerate the etching reaction. This should lead to lower growth rates and possibly higher levels of incorporated carbon. Thus, it would be interesting to study the CCl 4 doping process as a function of the substrate miscut angle and direction.
V. CONCLUSIONS
Carbon-doped gallium arsenide films have been grown using carbon tetrachloride at a V/III ratio of 75, temperatures between 505 and 545°C and IV/III ratios from 0.5 to 5.0.
Step pinning and etch pits are observed with increasing IV/ III ratios. These changes in surface morphology are explained by the site-specific reaction of carbon tetrachloride at the step edges on the c͑4ϫ4͒-terminated GaAs͑001͒ surface. The reaction of chlorine with adsorbed gallium pins the steps, whereas film etching produces the pits. However, these processes do not significantly degrade the epilayer quality as determined by triple-axis x-ray diffraction. In addition, the density of carbon in the film reaches a saturation value of ϳ1ϫ10 20 cm Ϫ3 , independent of the IV/III ratios examined in this study.
